In supersymmetric Grand Unified Theories, proton decay mediated by the color-triplet higgsino is generally problematic and requires some fine-tuning of parameters. We present a mechanism which naturally suppresses such dimension 5 operators in the context of SUSY SO(10). The mechanism, which implements natural doublet-triplet splitting using the adjoint higgs, converts these dimension 5 operators effectively into dimension 6. By explicitly computing the higgs spectrum and the resulting threshold uncertainties we show that the successful prediction of sin 2 θ W is maintained as a prediction in this scheme. It is argued that only a weak suppression of the higgsino mediated proton decay is achievable within SUSY SU (5) without finetuning, in contrast to a strong suppression in SUSY SO(10).
Introduction
The dramatically precise unification of couplings 1 that occurs in the minimal supersymmetric SU(5) model has been much touted, and indeed is striking. A fit 2 to all W,Z, and neutral current data (using m is shorter than the current experimental limits. 6 A certain amount of adjustment is then required for consistency, which pushes parameters to the corner of their allowed region.
For short we will henceforth refer to this as the 'higgsino-mediated proton decay (HMPD) problem'.
It would seem that one cannot take seriously the unification of couplings of SUSY-GUTs, however impressive, in the absence of satisfactory mechanism that suppresses higgsino-mediated proton decay. Two requirements for a 'satisfactory' mechanism that we will impose are that it involves no 'fine-tuning' or artificial adjustments of parameters, and that the unification of couplings is maintained as a prediction. (We emphasize that word because a discrepancy in sin 2 θ W can often be remedied by introducing ad hoc new particles, threshold effects, etc; but we would not regard the resulting agreement as being in any sense a prediction.)
The higgsino-mediated proton decay problem 3 is easily described. In SUSY SU(5) models there exists a pair of higgs super-multiplets, that we will denote 5 H +5 ′ H . Under the standard model group, G S = SU(3)×SU(2)× U(1), these decompose as 5 H = {(1, 2, + The higgsino, of course, converts the quarks and leptons to their scalar partners, so figure 1 needs to be 'dressed' for it to correspond to proton decay.
Dressing by W -ino exchange is by far the most dominant, the resulting lifetime for p → K +ν µ for example (the anti-symmetry of the relevant operator causes the change in flavor) has been estimated 4 to be
Here β is the relevant nuclear matrix element which lies in the range β = (0.003 − 0.03)GeV 3 . A s is the short-distance renormalization factor (A s ≃ 0.6), tan β H = H / H ′ , and y tk parametrizes the contribution of the top family relative to the first two (0.1 <| y tk |< 1.3 for m t = 100GeV ). The functions f arise from the one-loop integrals and
The prediction (1) is to be compared with the present experimental lower M GU T higgsinomediated proton decay is suppressed by a factor of 10 −2 while at the same time those extra fields whose mass is given by M will only lead to small threshold corrections to sin 2 θ W . In this case the suppression of higgsinomediated proton decay is just numerical; there is no symmetry or other qualitative explanation of it. One would have no a priori reason therefore to expect the suppression to be particularly large. A hope would therefore exist
Strong suppression of higgsino-mediated proton decay would result if (due to some approximate symmetry perhaps) M were much less than M GU T , say,
In that case it is imperative that there be no 'extra' fields (i.e., beyond the minimal supersymmetric standard model) in incomplete SU (5) multiplets whose mass is proportional to M, or else the unification of couplings would be destroyed. To achieve this without fine-tuning turns out to be a non-trivial problem. One of the main conclusions of this paper is that such a strong suppression of proton decay can only be achieved in a satisfactory way in SO(10) (or larger groups).
The whole problem of higgsino-mediated proton decay is of course intimately connected to the well known question of 'doublet-triplet' splitting.
9−13
We will show that the most satisfactory treatments of this problem make use of an old but somewhat neglected idea for doublet-triplet splitting in SO (10) using the adjoint higgs due to Dimopoulos and Wilczek.
13
Our paper is organized as follows. In section II we review the DimopoulosWilczek idea for doublet-triplet splitting and show how both weak suppression and strong suppression of HMPD can be achieved naturally in SUSY SO (10) . In section III we consider SUSY SU(5) and show that only weak suppression of HMPD can be achieved without fine-tuning parameters. In section IV we discuss flipped SU (5) . In section V a closer examination of the Dimopoulos-Wilczek mechanism in SO (10) 
Suppressing Proton Decay in SUSY SO(10)
The problem with doublet-triplet splitting arises in SU (5) 
In SO(10) such fine adjustment of parameters can be avoided because the analogue of the tracelessness condition does not exist. 13 The 24, which is the adjoint of SU (5), is contained in the 45 which is the adjoint of SO(10).
45 is a rank-2 antisymmetric tensor and the VEV of 45 H can be brought to the canonical form
which corresponds to the U(5) matrix diag(x 1 , x 2 , x 3 , x 4 , x 5 ). Because this is a U(5) rather than an SU(5) matrix its trace need not vanish. One can therefore have the VEV of 45 H take the form
This is just what is needed to give mass to the SU(3) C -triplet higgs(inos)
and not the SU(2) L -doublet ones. This is what we call the Dimopoulos-
There is another group-theoretical explanation for the doublet-triplet Consider the following coupling in the superpotential of a SUSY-SO (10) model:
One must introduce two 10's of Higgs(ino) fields because with just one the term 10 H 45 H 10 H would vanish by the antisymmetry of the 45. As we noted in the introduction, and shall see more clearly later, such a doubling is actually a useful thing from the point of view of suppressing higgsino-mediated proton decay. This is another appealing feature of SO(10).
When the 45 H gets the VEV shown in eq (4) all of the triplet Higgs(ino) fields in 10 1H and 10 2H get superlarge masses. The situation can be represented schematically as follows
where under SO(10) → SU (5) Now we face the problem of generating mass for the 'extra' doublets which reside in 5 2H +5 2H = 10 2H . The simplest possibility is just to introduce into the superpotential, W , the term M(10 2H 10 2H ), with M/M GU T being less than -but not much smaller than -one. The resulting threshold correction to However, in SO(10), but not in SU (5), it is actually possible to achieve a strong suppression in a satisfactory way. To do this we need to give 2 2H and 2 2H a superheavy Dirac mass (so as to not mess up sin 2 θ W ) without having a superheavy Dirac mass connecting 3 2H and3 2H (which could produce excessive proton decay). But this is just a doublet-triplet splitting problembut upside down to the familiar one! Here the doublets but not the triplets need a mass term. This will prove to be not doable in SU(5) without tuning, but in SO(10) it can be done. What is required is another 45 H with a VEV
As already noted, this is just as achievable as the VEV given in eq. (4) 
and
The doublet matrix is rank-two leaving a single pair of light doublets H ≡ 2 1H
and H ′ ≡2 1H . All triplets get superheavy mass; however, there is no mixing between 3 1H and3 1H that would permit the diagrams shown in figures 1 or 3.
There are several questions to be answered concerning the SO(10) approaches to the proton decay problem. (1) Can the VEVs in eqs (4) and (7) arise from an actual (super) potential? 14 (2) Can SO(10) be broken all the way to SU(3)×SU(2)×U(1) without destabilizing these VEVs? and (3), are the threshold corrections in such an SO(10) model likely to be small enough not to vitiate the successful prediction of sin 2 θ W ? We will show in section V that the answer to all these questions is 'yes'. But first we will examine the possibilities that exist in SU(5) and flipped SU(5).
Suppressing Proton Decay in SUSY SU(5)
The only viable method of doublet-triplet splitting in SUSY SU(5) that does not involve fine tuning of parameters is the 'missing partner mechanism'.
9,10
The so-called sliding-singlet mechanism 11 has the problem in SU (5) 
The horizontal solid lines represent superheavy triplet-higgs(ino) masses arising from the 75 H . As in the cases considered in previous sections, there is the question of how to make the 'other' fields in the 50 + 50 superheavy.
(They contribute to the RGE at one loop the same as a pair of weak dou- 
Suppressing Proton Decay in Flipped SU(5)
As is well-known, the missing partner mechanism works much more economically in flipped SU(5) 15 than in ordinary SU(5). and so real unification of gauge couplings is not achieved. One has therefore lost, or rather never had, the unification of gauge couplings as a prediction.
A More Detailed Examination of SO(10)
In section II certain ideas were discussed for solving the doublet-triplet splitting problem and for suppressing higgsino-mediated proton decay in SO (10) that made essential use of specific patterns of VEVs, in particular those shown in eqs. 
The equations for a supersymmetric minimum are
Suppose we choose S = 1 0 0 1 ⊗ diag(s, s, s, − (4) and (7)). We will examine this latter more complicated case in greater detail. If the required pattern of VEVs can be achieved in a realistic model for that case, then a fortiori the simpler requirements for weak suppression can be achieved also. The main issues are whether the VEVs in eqs. (4) and (7) can be achieved, the group SO(10) broken completely to SU(3) × SU(2) × U(1), and goldstone particles avoided. (The issue of threshold corrections to sin 2 θ W is dealt with in Appendix B.)
To begin with we double the superpotential shown in equation (13) . That is, we have two 45's, denoted A and A ′ , and two 54's, denoted S and S ′ , with There are various solutions to this technical difficulty. The one we shall study here involves the introduction of a third adjoint, which we will denote A ′′ , that serves as an intermediary between the C +C sector and A and A ′ .
The part of the superpotential that does the complete breaking to the standard model and obviates all difficulties is given in full by
There are three sectors, (A, S), (A ′ , S ′ ), and (A ′′ ,C + C), that are coupled together only by the last term λAA ′ A ′′ .
The term λ ′′

2C
A ′′ C does serve to give A ′′ a VEV in the SU(5)-singlet direction:
But this does not destabilize the VEVs of A and A ′ which are assumed to be of the forms given in eqs. (4) given in eqs (7) and (18) it can be neglected in doing the minimization! However, it does contribute to the Higgs(ino) masses, and, indeed, removes all of the possible goldstone modes discussed above.
In Appendix A we present details of the minimization of the superpotential, eq. (17), assuming C = 16. There we show explicitly that SO (10) may be completely broken to the standard model (without breaking SUSY), uneaten goldstone bosons avoided, and VEVs of the desired form achieved.
The masses of the various Higgs (super) multiplets enumerated in Appendix A will be used to estimate threshold corrections in the model.
It is conceivable that the superpotential of eq. (17) is the most general one compatible with some discrete symmetries, although due to the supersymmetric non-renormalization theorem one is not obliged to write all possible terms.
We have found other superpotentials and sets of Higgs fields that allow us to achieve the desired VEVs in a consistent and realistic way. We have presented eq. (17) as being algebraically simple to analyze. It should also be noted that the implementation of weak suppression of HMPD, where only a single 45 H is needed with VEV of the form in eq. (4), is a simpler task and fewer fields are required. We have not tried to find the absolutely minimal scheme.
At this point we wish to make an aside. If one is willing to give up sin 2 θ W as a prediction, there is a much simpler way to simultaneously achieve doublet-triplet splitting without fine-tuning and a strong suppression of higgsino mediated proton decay. All we need is then one 45 H of Higgs superfield with its VEV as given in eq. (4). Suppose the relevant superpotential term for doublet-triplet splitting is just λ10 1H 45 H 10 2H as in eq. (5). This will make the color triplets heavy, but one is left with 2 pairs of light doublets. Now, if the 45 H does not couple to the sector that breaks SO(10) → SU (5) (via C +C superpotential), then in addition to the extra pair of doublets, one will have a {(3, 1, ) -higgs and higgsino particles. This situation is somewhat analogous to the case studied in ref. 17 . We do not advocate this scenario here, since our aim is to preserve the successful unification of couplings as a prediction.
Returning to the superpotential in eq. (17), it might be imagined that is broken to SU(5) by the VEVs ofC, C, and A ′′ at a scale M 10 , while SU (5) is broken down to SU(3) × SU(2) × U(1) by the VEVs of A, S, A ′ , and S ′ at a scale M 5 . The masses of particles will be of the form αM 10 + βM 5 . In the limit that βM 5 /αM 10 → 0 for a given multiplet its one-loop threshold corrections to sin 2 θ W will vanish since it will become a complete and degenerate SU(5) multiplet. Thus threshold corrections of complete SU(5)-multiplets
is assumed to be somewhat larger than M 5 , the GUT-scale threshold corrections to sin 2 θ W are substantially reduced. These will be discussed explicitly in Appendix B, where it is found that the uncertainties in sin 2 θ W due to superheavy thresholds is typically in the range of 3 × 10 −3 to 10 −2 .
Conclusions
If one seeks a supersymmetric grand unified model in which proton decay mediated by color-triplet higgsino is strongly suppressed through a mechanism based on symmetry, in which there is no fine-tuning of parameters, and in which the remarkable prediction of sin 2 θ W is maintained as a prediction, then it seems that one must turn to SO (10) . On the other hand, a weak suppression due not to symmetry but to the smallness of a parameter is achievable in both SU (5) and SO (10) The advantage of SO (10) is due to the possibility of exploiting the elegant Dimopoulos-Wilczek mechanism of doublet-triplet splitting. We have studied that mechanism and found that it can be implemented in a fully realistic way.
In our view these results constitute yet another argument in favor of SO(10). It is already well known that SO(10) has the advantage over SU (5) of allowing R-parity to be a gauge symmetry (that is because Higgs fields are in tensor representations and matter fields are in spinor representations).
And, of course, SO(10) achieves greater unification of quarks and leptons and requires the existence of right-handed neutrinos.
In any event, we have shown that higgsino-mediated proton decay is not a serious difficulty of supersymmetric grand unification as there are quite simple and natural means to suppress it without undercutting the main success of those models. If the suppression is of the 'weak' type then there are grounds to hope to see proton decay in super Kamiokande.
Appendix A
In this Appendix, we give details of the minimization of the superpotential of eq. (17) . We shall see explicitly that (a) SO (10) The VEVs for the fields are chosen as 
Since SUSY is unbroken, it is sufficient to investigate the Higgsino mass spectrum. The multiplets which transform as {(3, 1, 2/3) + H.C.} under
Y have the following mass matrix:
This matrix has one zero eigenvalue by virtue of eq. (A.2). All the other 3 states become massive.
The mass matrix corresponding to {(1, 1, +1) + H.C.} is
Again, M 2 has one zero eigenvalue (using (A.2)) and three non-zero eignevalues.
The mass matrix for {(3, 2, −
) + H.C.} is given by
Using (A.2) one sees that M 3 has one of its eigenvalues equal to zero, while the rest are all nonzero.
The corresponding matrix for {(3, 2,
This has one zero and five nonzero eigenvalues.
The goldstone modes in M 1 , M 2 , M 3 , M 4 when combined with the zero mass mode corresponding to the phase of (C +C)-singlet add up to the 33 mass-less modes needed for the symmetry breaking SO(10) → SU(3) × SU(2) × U(1). All the remaining fields become massive. Their spectrum looks as follows. From the (A, S) sector, we have
From the (A ′ , S ′ ) sector, one finds ) + h.c.} = ( ) + h.c.} = ( Figure Captions
